Successful mammalian reproduction is dependent on a receptive and nurturing uterine environment. In order to establish pregnancy in humans, the uterus must i) be adequately prepared to receive the blastocyst, ii) engage in a coordinated molecular dialog with the embryo to facilitate implantation, and iii) undergo endometrial decidualization. Although numerous factors have been implicated in these essential processes, the precise network of molecular interactions that govern receptivity, embryo implantation, and decidualization remain unclear. NODAL, a morphogen in the transforming growth factor b superfamily, is well known for its critical functions during embryogenesis; however, recent studies have demonstrated an emerging role for NODAL signaling during early mammalian reproduction. Here, we review the established data and a recent wave of new studies implicating NODAL signaling components in uterine cycling, embryo implantation, and endometrial decidualization in humans and mice.
Introduction
Mammalian reproduction requires a healthy, protective, and nurturing maternal environment throughout gestation. In order to establish pregnancy in humans, the uterus must first be adequately prepared to receive the embryo in the event of successful copulation and fertilization. Under the primary control of the ovarian steroid hormones, estrogen and progesterone, the outer endometrial layer undergoes significant proliferative expansion and the uterus enters a state of receptivity during which implantation is possible (Wang & Dey 2006) . Once uterine receptivity is attained, complex reciprocal signaling between the uterus and embryo must then render the blastocyst competent to endometrial attachment and penetration. As a result, the available 'window of implantation', when the uterus is receptive and the blastocyst is competent, requires highly regulated and synchronous development of both the embryo and the endometrial tissue (Carson et al. 2000 , Wang & Dey 2006 . Following the initiation of implantation, the underlying uterine stroma must undergo decidualization to provide an initial source of nourishment and to mediate the expansion and invasion of the embedded extraembryonic trophectoderm (Ramathal et al. 2010) .
Infertility is a common clinical issue worldwide and is defined as the inability of a couple to conceive naturally after 24 months of trying. Infertility affects 7-10% of couples and is attributable to a number of factors including ovarian dysfunction, hormonal or genetic disorders, reproductive tract pathologies, male gamete insufficiencies, or even environmental factors (WHO Technical Report Series 1992) . It is currently believed that the majority of early pregnancy loss arises from defects that occur immediately before or during the process of implantation, such as improper uterine conditioning (receptivity) or miscues in uterine-embryo molecular interactions (Wang & Dey 2006) . Infertility due to defective uterine receptivity or repeated implantation failure is not easily circumvented by assisted reproductive technologies. Strikingly, after all known causes of infertility have been clinically investigated and ruled out, w15-30% of cases remain idiopathic (termed 'unexplained infertility') (Quaas & Dokras 2008) .
Although the major physiological events that govern early human reproduction have been characterized, the molecular pathways that mediate receptivity, implantation, and decidualization remain relatively unclear (Dey et al. 2004) . As a result, overcoming complications associated with repeated implantation failure has been difficult. This issue is compounded by the limited ability to conduct in vivo research on uterine-embryo interactions in humans. Nonetheless, identifying the molecular mechanisms that facilitate uterine cycling/receptivity, embryo implantation, and decidualization in various animal models has provided significant information toward understanding human implantation. In this review, we explore both the established data and a recent wave of new studies implicating the components of the NODAL signaling pathway in mediating the necessary events for embryo implantation and the establishment of pregnancy in both humans and mice (summarized in Table 1 ). Furthermore, we discuss future research and necessary experimentation that could aid in the translation of this knowledge from the laboratory to the clinic.
NODAL signaling
NODAL, a morphogen in the transforming growth factor b (TGFB) superfamily, was first identified by transgenic screening in the mouse that produced a recessive lethal mutation (termed 413.d) that severely affected gastrulation beginning on day 7.5 post-coitum (Conlon et al. 1991 , Iannaccone et al. 1992 . Targeted mutation of a novel TGFB-like gene, Nodal, which mapped alongside 413.d, recapitulated the hyperplasia of the embryonic and extraembryonic ectoderm, leading to failed mesoderm induction and embryonic lethality by day 10.5 (Zhou et al. 1993 , Conlon et al. 1994 , Jones et al. 1995 . Together, these studies underscored the essential role of NODAL during mesendoderm induction and introduced an intriguing new member of the TGFB superfamily. Since its discovery, NODAL has been Nodal expression generates a banding pattern along the uterine horn at implantation; regulated by embryonic factors Park & Dufort (2011a) Uterine Nodal knockout females demonstrate subfertility due to reduced rates of establishing pregnancy Park et al. (2012) LEFTY1/2 In vivo gene transfer of Lefty overexpression into the uterus leads to implantation failure Tang et al. (2005b) FURIN, PACE4 Uterine-derived proprotein convertases are able to cleave and activate embryonic-derived NODAL at the time of implantation Mesnard & Constam (2010) 
SPC6
The LEFTY processing enzyme, SPC6, is expressed at the implantation site during embryo attachment and penetration Rancourt & Rancourt (1997) identified as a key regulator in several additional processes during embryogenesis, including left-right axis specification and anterior-posterior patterning , Takaoka et al. 2006 . NODAL is first translated as a precursor proprotein that is posttranslationally modified before exocytosis (Blanchet et al. 2008) . The proprotein must then be proteolytically cleaved to its mature form at the R-X-X-R consensus sequence by the subtilisin-like proprotein convertase (SPC) 1 or SPC4 (also known as FURIN and PACE4) in order to effectively bind and activate the signaling pathway (Beck et al. 2002) . Mature NODAL ligand binds to an extracellular membrane-bound receptor complex comprising type I (ACVR1B or ACVR1C) and type II (ACVR2A or ACVR2) activin-like receptors in addition to a glycosylphosphatidylinositollinked EGF-CFC co-receptor (TDGF1/CRIPTO or CFC1/ CRYPTIC) , Reissmann et al. 2001 . The EGF-CFC co-receptor is essential for NODAL signaling by recruiting the convertases to the receptor complex site and facilitating NODAL binding to the ACVR1B/ACVR1C type I receptor (Blanchet et al. 2008) . Upon receptor complex formation, ACVR2A/ACVR2 phosphorylates ACVR1B/ACVR1C, which in turn phosphorylates the intracellular signal transducers SMAD2 or SMAD3 (Kumar et al. 2001) . SMAD2/3 then interacts with SMAD4 and additional transcription factors in the nucleus (e.g. FOXH1, MIXER, and p53) to facilitate DNA binding and regulate target gene expression (Ross & Hill 2008) . NODAL signaling is regulated at numerous levels throughout the cascade including, but not limited to, posttranslational glycosylation, proteolytic cleavage, extracellular antagonism, miRNA interference, receptor degradation/recycling, and transducer ubiquitination (for detailed reviews of NODAL signaling, see Schier (2003 Schier ( , 2009 ).
As a morphogen, NODAL is able to diffuse over a long range within a tissue and acts directly on distant cells in a concentration-dependent manner (Chen & Schier 2001) . Numerous downstream targets of NODAL signaling have been identified; however, target genes vary considerably by species, tissue, and function. Interestingly, the most common result of NODAL signaling is the production of more NODAL ligand and its diffusible inhibitor, LEFTY, which restricts signaling by binding to both the EGF-CFC co-receptor and NODAL directly (Meno et al. 1999 , Chen & Shen 2004 . NODAL signaling induces self-propagation exclusively through a conserved FOXH1-dependent intronic enhancer (asymmetric enhancer (ASE)) while LEFTY production is controlled through a similar ASE and additional enhancer elements . As a result, NODAL and LEFTY generate complex patterns of positive and negative regulation that are believed to constitute a reaction-diffusion mechanism (Box 1; Muller et al. 2012) . LEFTY proteins are divergent members of the TGFB superfamily that comprise LEFTYA and LEFTYB in humans and their homologs LEFTY2 and LEFTY1 in mice (Schier 2003) . LEFTY homology is based on the distribution of enhancer elements of the genes, but there is no tendency for LEFTYA protein to be more related to LEFTY2 than LEFTY1. In fact, the LEFTY pairs within a species have a much greater sequence identity than across species ( Fig. 1 ; Kosaki et al. 1999) . In this review, the precise LEFTY examined is indicated wherever possible; however, several early studies conducted before the identification of the second LEFTY gene do not make this distinction feasible and are simply denoted as 'LEFTY'.
In addition to the critical functions during embryo development, several studies have uncovered potential roles for NODAL signaling throughout mammalian Box 1 NODAL and LEFTY as a potential reaction-diffusion mechanism The classic reaction-diffusion mechanism postulates that a locally expressed 'activator' can generate self-organizing patterns of activity by inducing both its own expression (positive feedback) and that of a potent 'inhibitor' (negative feedback). In order to create these spatiotemporal patterns, often manifested in the form of radial stripes (a target pattern), banding, or dots, both components must possess diffusing properties with the inhibitor exhibiting a longer range (paraphrased, 'local activation -long-range inhibition') (Turing 1990 ). Interestingly, small initial differences in activator-inhibitor concentration along a plane can quickly become amplified due to the self-catalytic nature of activator production and long-range restriction (Kondo 2002) . NODAL and LEFTY demonstrate the required properties to constitute a reaction-diffusion pair as NODAL signaling has been shown to induce both NODAL self-production (activator) and LEFTYexpression (inhibitor) (Chen & Schier 2002) . Furthermore, both NODAL and LEFTY were demonstrated to diffuse over long distances in a chick model, with LEFTY displaying a faster rate (Sakuma et al. 2002) . Although self-organization of NODAL and LEFTY in vivo has not been verified empirically, it is believed that these fundamental characteristics play a role in left-right axis specification and embryonic patterning (Schier 2009 ). In addition to the pattern formation derived from the reaction-diffusion model, NODAL signaling adds another layer of complexity due to its morphogenic properties, which permit differing target gene expression as concentration diminishes from the source. reproduction. NODAL is believed to act as a mediator during the follicular atresia of non-dominant follicles before ovulation , Wang & Tsang 2007 and NODAL also appears to play a complex role during trophoblast invasion and placentation (Nadeem et al. 2011 , Park & Dufort 2011b . However, the precise mechanics underlying these functions are not fully understood. Accumulating data regarding NODAL and LEFTY in the uterus, combined with their unique interactive properties, has also made NODAL signaling an interesting candidate in facilitating embryo implantation and ensuring the successful establishment of pregnancy.
NODAL signaling components implicated in uterine preparation, cycling, and receptivity
Human
In order for successful implantation to occur, the endometrium must first be morphologically prepared to receive the free-floating blastocyst into the uterine wall. In humans, this is achieved by sequential phases of significant endometrial proliferation and secretion that correlate temporally with ovulation and potentially with embryo implantation. During the mid-secretory phase, between 7 and 10 days following ovulation, the uterus becomes receptive and is able to support implantation (Wang & Dey 2006) . If pregnancy is not established, efficient breakdown (menses) and regeneration of the outermost endometrial layer, the functionalis, is absolutely critical to prepare the uterus for the next cycle of proliferation, ovulation, and potential conception. Using uterine samples obtained from healthy nonpregnant women, it was recently demonstrated that NODAL and LEFTYA exhibit distinctly opposite patterns of expression that alternate throughout the menstrual cycle (Papageorgiou et al. 2009 ). NODAL mRNA was first detected by RT-PCR at the early-proliferative phase and steadily increased during the late-proliferative and early-secretory stages (48-fold) before decreasing substantially from the mid-secretory phase into menses. Interestingly, LEFTYA mRNA displayed a nearly opposite pattern of expression. Minimal LEFTYA expression was observed throughout the proliferative and early/ mid-secretory phase before increasing dramatically (155-fold) during the late-secretory and menses stages (Papageorgiou et al. 2009 ). These opposite and alternating patterns of expression over the course of the menstrual cycle suggest that NODAL and LEFTYA play important phase-dependent roles in endometrial preparation, breakdown, and/or tissue repair. Furthermore, one such transition in NODAL and LEFTYA levels occurs during the mid-secretory phase when uterine receptivity is acquired.
At the histological level, NODAL protein was detectable throughout the stroma, luminal epithelium, and glandular epithelial cells by immunolocalization. Although the level of NODAL in the luminal and glandular epithelium remained consistent and detectable at all phases of the menstrual cycle, the stromal intensity declined significantly during the late-secretory and menstrual phases (Papageorgiou et al. 2009 ). As a result, NODAL staining in the large stroma compartment followed the same cyclical pattern observed when NODAL mRNA was quantified by RT-PCR, suggesting that the stroma cells account for the majority of endometrial NODAL expression. Interestingly, NODAL proprotein was also detected in uterine fluid, indicating that NODAL is secreted into the lumen of the uterus that contains the free-floating blastocyst (Papageorgiou et al. 2009 ). Unfortunately, measuring whether NODAL proprotein levels in uterine fluid fluctuate at the precise time of embryo implantation is not feasible in humans due to technical limitations.
In addition to the recent characterization of NODAL localization in the uterus, LEFTYA, originally denoted 'endometrial bleeding-associated factor' (EBAF), has previously been implicated in uterine physiology. As the initial name suggests, LEFTYA/EBAF was first identified in the endometrium as a novel TGFB superfamily member that exhibited increased expression during the late-secretory and menses phases as the uterine lining undergoes tissue breakdown and shedding . LEFTYA immunoreactivity was restricted to the glandular epithelium, adjacent stromal cells, and the endothelial cells lining the uterine spiral arterioles (Tabibzadeh et al. 1998) . More recently, the mechanisms underlying LEFTYA-mediated endometrial breakdown following ovarian steroid withdrawal have been uncovered. In addition to LEFTYA expression increasing at the perimenstrual phase in vivo, a marked increase was also observed in ex vivo proliferative endometrial explants that were cultured without ovarian hormone supplementation to simulate menses conditions (Cornet et al. 2002) . Increased LEFTYA expression was subsequently followed by increased matrix metalloproteinase 1 (MMP1/interstitial collagenase), MMP3 (stromelysin 1), and MMP9 (gelatinase B) expression, which are enzymes that proteolytically degrade the uterine functionalis. Furthermore, recombinant LEFTYA stimulated the production of MMP3, MMP7 (matrilysin 1), and MMP9 in proliferative explants; however, these observations were prevented by ovarian Figure 1 Inter-and intra-species amino acid sequence identity of homologous LEFTY proteins.
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Reproduction (2013) 145 R55-R64 www.reproduction-online.org steroid hormone supplementation that mimics the proliferative phase of the endometrium (i.e. a nonmenses state) (Cornet et al. 2002 (Cornet et al. , 2005 . Therefore, these studies demonstrate that LEFTYA acts as a local, uterine mediator of endometrial breakdown following the reduction in ovarian hormones (Tabibzadeh 2005) . From a clinical standpoint, LEFTY has been implicated in cases of abnormal uterine bleeding in addition to idiopathic infertility in human patients. Consistent with its proposed roles during menstruation, LEFTY expression was found throughout the endometrium during all stages of the menstrual cycle in women who experienced irregular or excessive shedding (menorrhagia) . LEFTY protein was detected in the endometrial fluid of fertile women (much like NODAL) and is also secreted by transfected endometrial cells in culture. Secreted LEFTY was reduced during uterine receptivity in fertile subjects; however, abundant LEFTY was inexplicably detected during the receptive phase in several infertile females (Tabibzadeh et al. 2000) . Together, these results indicate that LEFTY misexpression during receptivity may underlie irregular uterine bleeding and some causes of idiopathic infertility.
In order for the NODAL signaling pathway to be activated in the uterus, the essential receptors and co-receptors must be present. The EGF-CFC co-receptor CRIPTO/TDGF1 (Papageorgiou et al. 2009 ) and activin receptors, ACVR1B, ACVR2A, and ACVR2B (Jones et al. 2002) , have been detected in the uterus at all stages of the cycle with moderately higher levels of expression observed during the secretory phase. CRIPTO/TDGF1 immunolocalization mirrored that of the NODAL ligand; however, additional CRIPTO/TDGF1 protein was detectable around the uterine spiral arterioles (Papageorgiou et al. 2009 ). Finally, Torres et al. (2009) also observed NODAL, CRIPTO/TDGF1, and ACVR2A mRNA in the uterus of healthy women; however, a significant difference in NODAL expression was not observed between the denoted proliferative and secretory categories. Once such explanation for the discrepancy would be the limited number of categories applied in this study (two) as NODAL mRNA, when evaluated using six distinct phases, is detectable in both the proliferative (early, mid, and late) and secretory (early) phases. Nonetheless, NODAL and its associated receptors, co-receptor, and inhibitor are expressed in the endometrium and exhibit dynamic patterns of expression during the menstrual cycle.
Mice
In mice, the estrus cycle is characterized by phases of moderate uterine growth and expansion (proestrus, estrus) followed by stages of endometrial degeneration and quiescence (metestrus, diestrus respectively) (Wood et al. 2007 ). Estrus culminates with ovulation and, if accompanied by copulation, fertilization occurs in the oviduct on day 0.5 post-coitum. During early reproduction (days 0.5-4.0), the uterus is pre-receptive to implantation and the lumen is less hostile to the blastocyst than the nonpregnant state. On the morning of day 4, a surge of estrogen renders the uterus receptive to implantation until day 5.5, when the opportunity for pregnancy has passed and uterine environment becomes unfavorable to embryo survival (refractory period) (Wang & Dey 2006) .
Recently, Nodal expression in the uterus was documented throughout the estrus cycle and pregnancy using immunohistochemistry and a transgenic NodallacZ mouse strain that reports the sites of Nodal transcription (Park & Dufort 2011a) . In this study, neither Nodal expression nor localized protein was detected at any point in the estrus cycle of nonpregnant mice. However, Nodal was highly expressed in the uterine glandular epithelium throughout the pre-receptive phase (days 0.5-3.5) and positive immunoreactivity was detected along the luminal surface, suggesting NODAL secretion (Park & Dufort 2011a) . Alternatively, Lefty1 mRNA was previously documented in uterine samples isolated from nonpregnant mice at all stages of the estrus cycle with moderately lower levels of expression during the estrus phase (stage of uterine expansion) (Tang et al. 2005a ). In the event of copulation, uterine Lefty1 expression increased gradually throughout the pre-receptive phase before reaching its highest point at the time of implantation. LEFTY1 protein was observed in the basal lamina, uterine glands (including lumen secretions), stroma compartment, and vessel walls. Similar to the observations in human tissue, the levels of MMP expression mirrored those of Lefty1, leading to high levels of collagen content during estrus (when Lefty/MMP is reduced) followed by low collagen quantities during diestrus (Tang et al. 2005a ). This pattern of expression suggests that LEFTY may play a conserved role in ensuring healthy uterine cycling by regulating MMP expression and endometrial turnover in mammals.
The intracellular SMAD proteins are essential transducers of the TGFB superfamily, including the NODAL signaling pathway. Importantly, Smad2 and Smad4 were recently characterized throughout estrus and early pregnancy in the mouse (Liu et al. 2004) . Both factors were observed in the glandular and luminal epithelium by in situ hybridization, with Smad2 showing slightly higher expression during diestrus and proestrus whereas Smad4 demonstrated similar intensity throughout the cycle. Furthermore, during early pregnancy, Smad2 and Smad4 signal was abundant in the epithelial layers and displayed a steady increase in relative intensity as pregnancy progressed (days 0.5-4.5) (Liu et al. 2004) . Therefore, although the precise function(s) of NODAL signaling during the peri-implantation period requires additional investigation, the essential components of the cascade are co-expressed in the endometrium (mainly glandular or luminal epithelium), indicating that pathway activation is feasible.
Nodal signaling components linked to implantation and embryo spacing
Mice Upon entering the uterine lumen, the free-floating blastocysts align within the uterine horn to ensure adequate spacing between conceptus sites. The receptive uterus and embryo then undergo complex reciprocal signaling, which is mediated by locally produced growth factors, cytokines, lipid mediators, adhesion molecules, and transcription factors (Dey et al. 2004) . The physical process of embryo implantation is divided into three phases. During i) apposition, stromal edema causes the uterine lumen to close and interdigitate, thereby allowing the blastocyst to contact the luminal epithelium. Next, during ii) attachment, a stable adhesion of the trophectoderm to the uterine lining is achieved by an assortment of adhesion molecules (e.g. integrins, cadherins, and mucin 1), which prevent the embryo from dislodging. Finally, blastocyst attachment initiates apoptosis of the luminal epithelia and allows the embryo to iii) penetrate into the underlying stroma (Wang & Dey 2006) . Although numerous factors have been implicated in these processes, a comprehensive understanding of the molecular events that facilitate implantation remains to be elucidated. As previously introduced, null Nodal embryos die on day 10.5. These results suggest that NODAL derived from the embryonic genome is itself not essential for implantation. Interestingly, however, embryonic NODAL and bone morphogenic protein 5 (BMP5) exhibit a potential compensatory interaction during implantation and embryo spacing. Nodal and Bmp5 double knockout embryo were generated and examined on day 7.5 of gestation. Strikingly, deciduas that contained a Nodal K/K :Bmp5 K/K double knockout embryo often contained two to four additional embryos of differing genotypes with separate Reichert's membranes (Pfendler et al. 2000) . Although Nodal K/K :Bmp5 K/K embryos were phenotypically mutant, the additional embryos in the same deciduum were morphologically normal. Therefore, the authors of this study suggest that signals emanating from the implanting embryo to indicate that an implantation crypt has been occupied are disrupted (Pfendler et al. 2000) . As such, Nodal and Bmp5 double mutation reveals a potential role for these factors during the implantation reaction and, based on the decidua crowding, appear to facilitate adequate embryo spacing within the uterus.
Implantation is governed by both embryonic and uterine factors. Uterine Nodal expression and protein localization at the time of implantation were recently documented in mice. Interestingly, whole-mount Nodal expression produced a banding pattern along the proximal-distal axis of the uterine horn that correlated exclusively with the inter-implantation nodes ( Fig. 2 ; Park & Dufort 2011a) . This maternal Nodal expression is directed by the blastocyst as pseudopregnant females lost Nodal expression by day 4.5; however, the pattern was restored by wild-type embryo transfer experiments (Park & Dufort 2011a) . Therefore, Nodal expression is influenced by the uterine-embryo molecular cross talk at the time of implantation. Considering i) the embryonic Nodal K/K :Bmp5 K/K knockout, ii) the banding pattern of uterine Nodal expression directed by the embryo, and iii) the self-regulating nature of NODAL signaling, it is tempting to hypothesize that embryonic and maternal derived NODAL functions together to facilitate implantation and ensure adequate embryo spacing.
Lefty1 expression is highest in the mouse endometrium at the time of implantation (Tang et al. 2005a ). Similar to the LEFTYA overexpression observed in human patients with unexplained infertility, in vivo gene transfer of exogenous LEFTY led to significant implantation failure in mice. Using either a Lefty retroviral expression vector system or a liposome-mediated introduction of an expression vector, Tang et al. (2005b) observed implantation rates of w47.6 and 47.8% relative to the control vectors. As these methods used to overexpress Lefty encompassed the entire uterine horn, the site-specific 
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expression of Nodal between implantation sites would undoubtedly be disrupted in addition to any other Lefty1 targets. Moreover, a maternal reproductive tract-specific Nodal knockout strain was recently introduced (Park et al. 2012) . In addition to exhibiting a severe placental phenotype, uterine Nodal knockout females displayed significant subfertility during early reproduction. Although the early phenotype was not described, pregnancy failure manifests before day 5.5 and may arise from defective implantation and/or endometrial decidualization. Taken together, eliminating Nodal from a maternal source, or increasing Lefty expression in the uterine lumen, adversely affects the ability to establish pregnancy. Although the potential function of these factors during embryo implantation could be independent, it is an intriguing correlation given the intricacies of the NODAL signaling pathway. A novel biosensor of proteolysis recently revealed new information regarding the in vivo activity of the convertases FURIN and PACE4. Using the 'cell surfacelinked indicator of proteolysis' (CLIP) system, it was demonstrated that FURIN and PACE4 are active in the embryo immediately before and during the process of implantation (Mesnard & Constam 2010) . Despite this, FURIN and PACE4 double knockout embryos still reported CLIP cleavage, embryonic NODAL processing, and downstream expression of NODAL target genes during early embryogenesis. In light of these results, the authors conclude that maternal proprotein convertases are active in the uterus during implantation and capable of cleaving embryonic NODAL (Mesnard & Constam 2010) . In addition to NODAL processing, SPC6 has also been observed at the implantation site and implicated in the molecular events that occur during, or immediately following, embryo penetration (Rancourt & Rancourt 1997) . It is currently believed that SPC5/6 are the only convertases capable of processing LEFTY, thereby suggesting that NODAL and LEFTY are both cleaved and activated at the intimate maternal-fetal interface during implantation. Although the precise mechanics of NODAL and LEFTY processing require further investigation, the CLIP system and SPC6 activity highlight an intriguing interaction between maternal and embryonic components of the NODAL signaling pathway during implantation.
NODAL signaling components and endometrial decidualization
Decidualization is the physiological process by which endometrial stromal cells, under the control of progesterone and/or cAMP, differentiate into large, rounded decidual cells that support embryo growth and maintain early pregnancy (Ramathal et al. 2010) . Unlike rodents, which only undergo decidualization at the implantation site during blastocyst attachment, human decidualization is initiated with each menstrual cycle in preparation for potential copulation. Beginning at the late-secretory phase, stromal cells surrounding the spiral arteries first differentiate into decidual cells and undergo morphological, biochemical, and vascular changes that are absolutely essential to facilitate embryo implantation. Successful blastocyst attachment and penetration results in the spread of decidualization, encompassing a larger portion of the uterine endometrium as the pregnancy proceeds (Ramathal et al. 2010 ).
Human
As previously described, NODAL expression in the stromal compartment of the human endometrium is highest during proliferation before declining substantially during the secretory stage. NODAL protein was, however, still detectable around the luminal and glandular epithelium at a steady state throughout all phases of the menstrual cycle (Papageorgiou et al. 2009 ). In the context of decidualization, an earlier study by the same investigators explored the roles of numerous TGFB superfamily members during decidua formation (Stoikos et al. 2008) . Intriguingly, NODAL protein was not observed in mid-to late-secretory endometrial samples as would be reported in Papageorgiou et al. (2009) . However, these studies did use different anti-NODAL antibodies and the epithelial immunoreactivity is relatively low compared with the stromal intensity observed during the proliferative phase. Correlating with the mRNA data, perhaps NODAL is highly expressed and secreted from the glandular epithelium during the proliferative phases after which NODAL protein remains variably detectable during the secretory stage depending on protein stability or antibody sensitivity. NODAL was also undetected in human endometrial stromal cells (HESC) in vitro when examined in both the non-decidualized and decidualized state. These results support the aforementioned data as the HESC were derived primarily from secretory phase uterine biopsies (day 10-21) and contain 97% pure stromal cells (Stoikos et al. 2008) . The absence of NODAL expression and immunoreactivity during decidualization is especially interesting considering the striking decline of NODAL mRNA during the secretory phase in humans (which decidualize in each cycle) and the banding pattern that shows decreased Nodal expression at the implantation site in mice (which only decidualize locally in the presence of the implanting blastocyst).
Alternatively, LEFTY is believed to be a critical mediator during the differentiation of human endometrial cells (Tabibzadeh & Hemmati-Brivanlou 2006) . LEFTYA and LEFTYB were demonstrated by microarray analysis and verified by northern blot to be one of the most abundantly induced factors in the decidua that supports implantation (Brar et al. 2001) . Moreover, expression of the LEFTY processing enzyme SPC5/6 was significantly increased within HESC during decidualization in vitro (Okada et al. 2005) . Intense SPC5/6 immunoreactivity was noted in the cytoplasm of the decidualized cells compared with non-decidualized cells, and, interestingly, functional attenuation of SPC5 cleaving ability by antisense morpholinos reduced decidualization (Okada et al. 2005) . These cumulative results indicate that LEFTY is both present and able to be converted to its biologically active form within the endometrium as it undergoes decidualization. Removing the ability of SPC5 impairs decidualization, demonstrating a key role in facilitating the differentiation of human stromal cells.
Mice
Despite fundamental differences in the timing and initiation of decidualization in humans and mice, LEFTY processing by SPC5/6 is an essential and conserved element of the mouse decidual response. During the peri-implantation period, both precursor and processed LEFTYappear in equal quantities in the uterus; however, significantly more processed LEFTY protein was evident by days 3-5 post-coitum. Interestingly, as early pregnancy is established, the ratio of processed/ precursor LEFTY protein is significantly higher at the decidualizing implantation site relative to the interimplantation node (Tang et al. 2005c) . Increased Spc5/6 expression and LEFTY processing was also observed during artificial decidualization with oil or uterine trauma, indicating that proteolytic cleavage of LEFTY is involved in decidualization but independent of embryonic control. The direct processing of LEFTY during decidualization has been demonstrated in vitro with cells derived from human uterine fibroblasts (HuF) and endometrial stroma (SHT290); however, processing and secretion appeared variable depending on the decidualization stimulus and cell type investigated (Tang et al. 2005c) . Recently, in vitro and in vivo experimentation uncovered additional details regarding the function of LEFTY during decidualization. The addition of recombinant LEFTY to HuF cells during decidualization reduced the secretion of decidual markers (IGFBP1, PRL) and decreased the expression of transcription factors critical to decidualization (ETS1 and FOXO1). Conversely, Lefty knockdown during decidualization increased decidual marker secretion and essential transcription factor levels (Tang et al. 2010) . These results were supported in vivo, as mouse uteri injected with retroviral particles that transduce LEFTY had no indication of decidualization on day 9. Furthermore, overexpression of Lefty using a doxycycline-induced Tet-On system increased Lefty in the epithelial layers of the uterus (sevenfold) and markedly reduced fertility as gauged by litter size. Doxycycline-induced Lefty overexpression also decreased artificial decidualization ability. Based on these cumulative results, the authors of this study propose an elegant model in which endogenous LEFTY acts as a molecular switch during decidualization. Under the control of decidualization cues, LEFTY is released from decidua cells and functions in an autocrine manner to both inhibit differentiation and maintain the decidualized state (Tang et al. 2010) .
NODAL and early reproduction: future directions
In this review, we have compiled and revisited numerous studies that have implicated components of NODAL signaling in early reproduction. Although these studies present compelling evidence that NODAL signaling is essential for the establishment of pregnancy, substantial research is still required to elucidate and verify the underlying molecular mechanisms involved. Notably, all investigated components of NODAL signaling were observed (and often co-expressed) in the uterine endometrium indicating that pathway activation is possible; however, the definitive downstream cellular and genetic targets have not yet been explored. Furthermore, many members of the NODAL signaling cascade are shared among other TGFB pathways. Where does NODAL fit into the larger network of interactions that govern uterine/menstrual cycling, embryo implantation, and decidualization? Why is Nodal initially expressed at the implantation site and what factors emanating from the murine blastocyst restrict Nodal during uterine-embryo molecular cross talk?
As we have seen, independently eliminating NODAL or overexpressing LEFTY in the uterus severely impacts fertility in mice. Based on the uterine banding pattern, it may be necessary to revisit these experiments and investigate how modulating NODAL or LEFTY affects the quantity and spatiotemporal pattern of the opposing factor. The nature of NODAL-LEFTY interplay along the uterine horn is a potentially intriguing system that remains to be thoroughly examined given the potential of an in vivo reaction-diffusion mechanism (Muller et al. 2012) . It would be interesting to examine whether implantation drives the self-organization of NODAL and LEFTY into opposite and alternating levels of high and low concentration along the horn. Aside from these properties of organization, it is tempting to speculate that NODAL and LEFTY work toward ensuring either adequate embryo spacing and/or restricting the spread of decidualization in humans and mice.
The cumulative observations detailed here are especially interesting given the recent confirmation of uterine NODAL expression in humans and documented cases of aberrant LEFTY expression in patients with unexplained infertility. In order to translate the accumulating knowledge from the laboratory to the clinic, significant experimentation is required. Is NODAL also affected in uterine samples obtained from cases of R62 C B Park and D Dufort idiopathic infertility in which LEFTY levels are elevated? Are NODAL and LEFTY interactions perturbed in women who experience repeated implantation failure despite clinical intervention and fertility treatment? NODAL was found to be a secreted factor and constituent of uterine luminal fluid in both mice and humans. What is the role of secreted NODAL, and can supplementing this factor counteract dysregulated LEFTY expression in uterine tissue? As the data accumulates, it is increasingly more evident that NODAL signaling components play critical roles during mammalian reproduction and the establishment of pregnancy. However, it is also apparent that a greater understanding of the molecular interplay between NODAL and LEFTY during these reproductive events is necessary to apply this knowledge toward improving reproductive health and, ultimately, combating human infertility.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.
Funding
This work was supported by grant MOP-82780 from the Canadian Institutes of Health Research to D Dufort.
